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Type-Ia supernova observations yield estimates of the luminosity distance, which includes not only the back-
ground luminosity distance, but also the fluctuation due to inhomogeneities in the Universe. In particular, the
spatial correlation of the host galaxies is a dominant source of the fluctuation in the luminosity distance measure-
ments. Utilizing the recent theoretical framework that accurately quantifies the information contents accounting
for the three-dimensional correlation of the observables on the past-light cone, we compute the maximum cos-
mological information obtainable from idealized supernova surveys as a function of maximum redshift zm.
Here we consider two cosmological parameters Ωm and w0 and show that these parameters can be constrained
at maximum 1% levels in an idealized survey with zm = 1. We discuss how these fundamental limits set by
cosmic variance can be overcome.
Introduction.— Measurements of type-Ia supernova pro-
vide a powerful way to probe cosmology [1, 2]. A great
amount of efforts in recent decades have been devoted to in-
crease the survey volume and reduce the systematic errors in
the luminosity distance measurements [3–7]. Supernova ob-
servations yield an estimate D(z, nˆ) of the luminosity dis-
tance that includes not only the background luminosity dis-
tance D¯(z) at the observed redshift z, but also the fluctua-
tion δD(z, nˆ) at the observed position specified the angular
direction nˆ and the redshift z, where D := D¯(1 + δD). The
fluctuation in the luminosity distance arises, because the ob-
served flux, the redshift, and the angular position are affected
by the large-scale inhomogeneities in the Universe through
the light propagation from the source to the observer. Hence,
all the measurements of the luminosity distance are correlated
due to its fluctuations.
Since the pioneering work [8], many groups showed [9–16]
that the fluctuation δD in the luminosity distance contains the
line-of-sight peculiar motion V of the host galaxy, the gravi-
tational potential contribution φ, and the gravitational lensing
effect κ. The peculiar velocity is the dominant source of cor-
relation at low redshift, while the gravitational lensing effect
takes over at higher redshift. The effects of these inhomo-
geneities have been investigated [10, 11, 17–20] in the past.
Furthermore, since the progenitors of supernovae are asso-
ciated with galaxies, supernova observations are also biased
[12, 14], as their host galaxies are biased against the underly-
ing matter distribution, and this fluctuation δg of the observed
host galaxies indeed constitutes the dominant contribution to
the correlation in the supernova observations.
Therefore, in deriving the cosmological constraints from
supernova surveys, it is important to take into consideration
all the correlation of the luminosity distance measurements.
However, previous analysis often ignored the radial correla-
tion or the correlation due to the host galaxies. Accounting
for all the effects described above, a complete theoretical for-
malism was derived in Ref. [21] for accurately quantifying
the cosmological information contents on the light cone under
the assumption that the fluctuations are at the linear order and
Gaussian-distributed. In this Letter, we apply this formalism
to supernova surveys in the 3D light cone volume and com-
pute the maximum cosmological information contents that are
available to us in the idealized surveys, where an infinite num-
ber of supernova observations are made without any system-
atic errors in a full sky over all redshift up to a givenmaximum
redshift zm.
Observed data set.— Individual observations of type-Ia su-
pernovae yield an estimate of the luminosity distanceD(z, nˆ)
at the observed redshift z and angular direction nˆ, but the ob-
served data set D(z, nˆ) altogether are described as the lumi-
nosity distance D weighted by the number dNg of the ob-
served host galaxies in a given volume dV¯ determined by the
redshift bin dz and the angular bin d2nˆ [21]:
D(z, nˆ) = D(z, nˆ)dNg(z, nˆ)
N totg
:= D¯(z) [1 + δD(z, nˆ)] , (1)
where we defined the background D¯(z) and the (dimension-
less) fluctuation δD(z, nˆ) around it.
In the case of one supernova observation, the total number
of the observed host galaxies N totg :=
∑
dNg is unity, and
the observed data set is just an estimate of the luminosity dis-
tance D(z, nˆ) = D(z, nˆ). With more observations in the data
set, more weight is naturally given to the estimates D(z, nˆ)
in an over-dense region, where more supernova events are ob-
served. This weight is the physical number density np of the
host galaxies times the physical volume dVp described by the
observed redshift bin dz and the angular bin d2nˆ:
dNg(z, nˆ) = ngdVp :=
dN¯g
dzd2nˆ
dzd2nˆ [1 + δg(z, nˆ)] , (2)
where the background part is simply the redshift distribution
of the host galaxies in a homogeneous universe in terms of
the Hubble parameter H and the comoving angular diameter
distance r¯
dN¯g
dzd2nˆ
(z) :=
n¯g(z)r¯
2(z)
H(z)(1 + z)3
. (3)
2Defined as above, the fluctuation δg(z, nˆ) of the observed host
galaxies is shown to be gauge-invariant [22–27], and it in-
cludes the source fluctuation (such as the galaxy bias and the
magnification bias) and the volume fluctuation (such as the
redshift-space distortion and the relativistic effects) [28].
Therefore, the background D¯ and the fluctuation δD of the
observed data set are [21]
D¯(z) = D¯(z)
N¯ totg
dN¯g
dzd2nˆ
(z) dzd2nˆ =: ˆ¯D(z) dzd2nˆ , (4)
1 + δD(z, nˆ) = [1 + δD(z, nˆ)] [1 + δg(z, nˆ)]
1 + δN totg
, (5)
where the total number N totg = N¯
tot
g (1 + δN
tot
g ) of the ob-
served host galaxies is split into two (dimensionless) constants
for later convenience
N¯ totg := 4pi
∫ zm
0
dz
dN¯g
dzd2nˆ
(z) , (6)
δN totg := 4pi
∫ zm
0
dz
1
N¯ totg
dN¯g
dzd2nˆ
(z)
∫
d2nˆ
4pi
δg(z, nˆ) .(7)
In a void, where there is no observed galaxy (δg = −1), there
is no measurement (D = 0) in the observed data set, while the
luminosity distance to such void is non-zero (D 6= 0).
Single redshift bin.— We first consider supernova observa-
tions at a given redshift z∗ with small redshift bin∆z to illus-
trate how individual fluctuations affect the luminosity distance
estimate. The total number of the observed host galaxies in
this case is
N¯ totg = 4pi∆z
dN¯g
dzd2nˆ
, δN totg =
∫
d2nˆ
4pi
δg(nˆ) , (8)
directly related to the redshift distribution at the given red-
shift z∗, and the observed data set is then
D(nˆ) = D¯(z∗)d
2nˆ
4pi
[1 + δD(nˆ)] , (9)
where we suppressed the dependence on the survey redshift z∗
and the fluctuation at the linear order in perturbations is
δD(nˆ) ≃ δD(nˆ) + δg(nˆ)− δN totg +O(2) . (10)
The number weight drops in the background part to yield
D¯ = D¯ up to numerical factors, as all the observed data at
the same redshift are summed up. The fluctuation δD is, how-
ever, dependent upon the fluctuation δg of the host galaxies as
well as the fluctuation δD in the luminosity distance. When
averaged over the observed data set, Eq. (10) shows that δg
and δN totg drop out
δD0 :=
∫
d2nˆ
4pi
δD(nˆ) =
∫
d2nˆ
4pi
δD(nˆ) =: δD0 , (11)
though this is valid only at the linear order.
The fluctuation δD in the luminosity distance at the linear
order is often computed in the conformal Newtonian gauge
[9, 10, 12, 13]
δD(nˆ) ≈ Vs − 1 + z∗
Hr¯
(Vs − Vo)− κ , (12)
where Vs and Vo are the line-of-sight peculiar velocity at the
source and the observer positions, κ is the lensing conver-
gence, and we ignored the gravitational potential contribu-
tions to δD. As emphasized [15, 29], the individual compo-
nents in δD are gauge-dependent and not associated with any
physical quantity, while the full expression for δD is gauge-
invariant. For example, Vo should not be linked to the velocity
we measure from the CMB dipole, because the former has dif-
ferent values in other gauge conditions, while the value of the
latter is uniquely fixed by observations, independent of our
gauge choice. Hence, one cannot simply remove any of those
contributions at the observer position in computing the lumi-
nosity distance, and it was shown [15] that this procedure was
the source of the infrared divergences in previous calculations
[30, 31].
On a single redshift bin, the correlation of the luminosity
distance fluctuation is conveniently decomposed in terms of
angular power spectrum Cl,
ξij := 〈δD(nˆi)δD(nˆj)〉 :=
∑
l
2l+ 1
4pi
ClPl(γij) , (13)
where γij := nˆi · nˆj and Pl(x) is the Legendre Polynomial.
Under the assumption of Gaussianity, the information con-
tents of the observed data set for a given set of cosmological
parameters pµ are quantified in Ref. [21] by using the Fisher
matrix
Fµν =
4pi
C0
(
∂ ln D¯(z∗)
∂pµ
)(
∂ ln D¯(z∗)
∂pν
)
+ · · · , (14)
where we ignored the cosmological information contained in
the correlation ξij(pµ) and the monopole power C0 is solely
determined by the peculiar velocity at the source position
δD0 = δD0 =
(
1− 1 + z∗
Hr¯
)∫
d2nˆ
4pi
Vs(nˆ) =:
a0√
4pi
.
(15)
The explicit expression for the monopole powerC0 =
〈|a0|2〉
is
C0 =
[
Hf
1 + z∗
(
1− 1 + z∗
Hr¯
)]2
2
pi
∫
dk Pϕ(k)T 2m(k)j′20 (kr¯) ,
(16)
where f is the logarithmic growth rate, ∆2ϕ(k) := k
3Pϕ/2pi
2
is the dimensionless scalar power spectrum, Tm(k) is the mat-
ter transfer function at z∗, and j0(x) is the spherical Bessel
function. With j′
0
(x) = −j1(x), the monopole power C0 is
regular in the limit z∗ → 0.
The Fisher matrix expression shows that (1) individual ob-
servations on a single redshift bin essentially yield the aver-
age over the angle and the ensemble average of the estimate
3is the background luminosity distance D¯(z∗), (2) the infor-
mation contents depend on the sensitivity of D¯ to the cosmo-
logical parameters pµ, and (3) upon average over the sky, the
estimate is limited by the cosmic variance of the monopole
power C0. In C0 (or a0), the host fluctuation, the lensing ef-
fect, and the velocity at the observer position completely drop
out. Furthermore, the correlation ξij is a function of cosmol-
ogy [32], and the full Fisher matrix contains the contribution
term ∂ ln D¯2Cl/∂pµ, similar to the CMB case. Since the cor-
relation of the luminosity distance is rarely measured, we ig-
nore this contribution to the cosmological information (see,
however, [32]).
3D light-cone volume.— Supernova observations are not
confined to a single redshift bin; naturally, they cover a range
of redshifts, increasing the leverage to constrain cosmology.
Since measurements of the luminosity distance at different
redshift bins are also correlated, the increase in the cosmolog-
ical constraining power is somewhat limited. A critical differ-
ence in a 3D light-cone volume is that the number weight of
the host galaxies changes in redshift, primarily due to the vol-
ume, but also due to the evolution of the host galaxies. Here
we assume that the physical number density of the host galax-
ies evolves as n¯g(z) := n0(1 + z)
α, where α = 3 represent a
constant comoving number density such as dark matter. Com-
pared to Eq. (9), the expectation D¯(z) of the observed data
set in Eq. (4) has the number weight factor, while the overall
normalization constant n0 is irrelevant in our discussion.
Similarly, the number weight plays a role at the perturbation
level δD. The fluctuation δg of the host galaxies is modeled
here as the sum of the redshift-space distortion δz [33] and
the gravitational lensing effect κ: δg(z, nˆ) ≈ δz − 2κ, where
we ignored the velocity and the gravitational potential contri-
butions in the full relativistic expression [27], as the density
fluctuation is the dominant contribution and the lensing effect
(derivatives of the gravitational potential) is comparable. For
the fluctuation δD in the luminosity distance, we again ignore
the velocity and the gravitational potential contributions to be
consistent with the approximation for δg: δD(z, nˆ) ≈ −κ.
Therefore, the fluctuation in the observed data set in Eq. (5) is
δD(z, nˆ) ≈ δz − 3κ− δN totg , and its average over the sky at
a given redshift is
δD0(z) ≈
∫
d2nˆ
4pi
δz(z, nˆ)− δN totg (z) , (17)
where the lensing contribution again vanishes upon average.
Provided that the luminosity function of the host galaxies is
well-approximated by a simple power law ∝ L−s with the
slope s, there exists an extra contribution (2s − 1)κ in the
expression δg due to the magnification bias [27], but this con-
tribution again vanishes upon average.
In a 3D light-cone volume, any observable quantities can
be decomposed in terms of spherical harmonics for the an-
gular dependence and spherical Bessel for the radial depen-
dence [21, 34], and the correlation of the luminosity distance
fluctuation is then expressed by the spherical power spectrum
Sl(k, k′),
ξij = 〈δD(zi, nˆi)δD(zj , nˆj)〉 := 4pi
∑
lm
∫
dk
∫
dk′ (18)
× kk
′
2pi2
Sl(k, k′)jl(kr¯i)jl(k′r¯j)Ylm(nˆi)Y ∗lm(nˆj) .
The spherical power spectrum is a generalization of the stan-
dard (flat-sky) power spectrum P (k), and they are equivalent,
if P (k) is isotropic and there is no evolution along the ra-
dial direction, i.e., Sl(k, k′) = δD(k − k′)P (k). Under the
assumption that the fluctuations are Gaussian distributed, the
information contents in a 3D light-cone volume can be quan-
tified in terms of the Fisher matrix [21] as
Fµν = (4pi)
2
∫
dk
∫
dk′
kk′
2pi2
S˜0(k, k′)Gµ(k)Gν(k′) + · · · ,
(19)
where S˜l(k, k′) is the inverse spherical power spectrum, the
Fourier kernel Gµ(k) depends on cosmological parameters pµ
Gµ(k) :=
∫ zm
0
dz j0(kr¯z)
∂
∂pµ
ln ˆ¯D(z) , (20)
and we again ignored the cosmological information contained
in the correlation ξij(pµ).
Compared to the case for a single redshift bin, the Fisher
matrix for a 3D light-cone volume reveals that (1) individ-
ual observations over the redshift range essentially yield ˆ¯D(z)
[defined in Eq. (4)], the background luminosity distance
weighted by the redshift distribution of the host galaxies, in-
cluding the volume factor, (2) the information contents depend
on the sensitivity of the full background quantity ˆ¯D(z) to the
cosmological parameters pµ, not just the background luminos-
ity distance D¯(z), and (3) the estimate of ˆ¯D(z) is limited by
the cosmic variance described by the inverse monopole power
spectrum S˜0(k, k′), defined in Ref. [21] as
S˜l = (FlSlFl)
−1
, (21)
in the matrix notation, where S0 is the monopole power spec-
trum S˜0 := S˜0(k, k′)k′, and the angular Fourier kernel is
Fl(k, k
′) :=
2k′
pi
∫ zm
0
dz jl(kr¯z)jl(k
′r¯z) (22)
(see [21] for detailed derivations). For a single redshift bin,
the inverse power spectrum in the Fisher matrix is literally
the inverse of the angular power spectrum, i.e., C˜l = C
−1
l .
However, for a 3D light-cone volume, the inverse power spec-
trum S˜l(k, k′) is not the inverse of the spherical power spec-
trum S(k, k′), i.e., S˜l(k, k′) 6= S−1l (k, k′), as apparent in the
matrix inversion relation in Eq. (21). The reason is that the
evolution along the light cone mixes different Fourier modes
and the survey volume is finite, rather than an infinite hyper-
surface.
4FIG. 1. Fourier kernel Gµ(k) in Eq. (20), scaled with wavevector k.
The sensitivity of luminosity distance measurements in a 3D light-
cone volume to cosmological parameters is represented by Gµ(k) in
the Fisher matrix in Eq. (19). We consider all-sky supernova surveys
with three different maximum redshifts denoted as solid (zm = 1),
dashed (zm = 2), and dotted (zm = 1).
Using Eq. (17), the monopole power spectrum can be com-
puted as
S0(k, k′) = 4pi
∫
d ln k˜ ∆2ϕ(k˜)
[
Mδz
0
(k, k˜)−MδN
tot
g
0
(k, k˜)
]
×
[
Mδz
0
(k′, k˜)−MδN
tot
g
0
(k′, k˜)
]
, (23)
where the Fourier kernels for the angle-averaged redshift-
space distortion and the fluctuation in the number weight are
Mδz
0
(k, k˜) := k
√
2
pi
∫ r¯m
0
dr¯ r¯2j0(kr¯)Tz(k˜; r¯) , (24)
MδN
tot
g
0
(k, k˜) := k
√
2
pi
∫ r¯m
0
dr¯ r¯2j0(kr¯) (25)
×4pi
∫ zm
0
dz
1
N¯ totg
dN¯g
dzd2nˆ
Tz(k˜; z) ,
Tz(k; r¯) :=
[(
b+
1
3
f
)
j0(kr¯)− 2f
3
j2(kr¯)
]
Tm(k; r¯) , (26)
and r¯m := r¯(zm). The dependence of the redshift-space dis-
tortion kernel Tz(k) on l = 0 and l = 2 arises due to the
dependence on µ2k of δz(k) = (b + fµ
2
k)δm(k), where b is
the galaxy bias factor, µk := nˆ · kˆ, and f is the logarithmic
growth rate. The kernelsM0(k, k˜) represent the contributions
to the angle average in Eq. (17), and they are not symmetric
in arguments.
Numerical computation.— To be specific, we adopt the
best-fit ΛCDM model cosmological parameters presented in
Table 7 (Planck alone) of the Planck 2018 result [35]. For
simplicity, we first assume that the host galaxies are described
FIG. 2. Monopole S0(k, k) and inverse monopole S˜0(k, k) power
spectra for the surveys with three different maximum redshifts shown
in the legend. Only the diagonal parts of the monopole spectra are
plotted. Upper: The monopole spherical power spectra S0(k, k)
with three zm. As a reference, the gray curve shows the matter
power spectrum P (k) at redshift zero, scaled with 750 h−1Mpc.
Lower: The inverse monopole power spectra S˜0(k, k) with three zm.
S˜0(k, k) are scaled with wavenumber to highlight the contribution to
the Fisher matrix in Eq. (27).
by the matter distribution (b = 1 and α = 3), and we ig-
nore the redshift-space distortion (f ≡ 0). Figure 1 shows the
Fourier kernels Gµ(k) for two cosmological parameters with
three different maximum redshifts zm of idealized supernova
surveys. The kernel Gµ(k) multiplied by a wavenumber con-
tributes to the Fisher matrix Fµν in Eq. (19), and the product is
bounded at all k, exhibiting the peak contribution around the
characteristic scale of the survey depth k ≈ 2/r¯m. Compared
to ∂ ln D¯/∂pµ in the single redshift bin, the log-derivative
in Gµ(k) includes the volume factor, which enhances the sen-
sitivity by about factor two at a given redshift. The depen-
dence of the evolution slope α is rather weak, only through
the total number N¯ totg for Gµ(k).
The upper panel of Figure 2 shows the spherical monopole
power spectra S0(k, k). The Fourier kernels M0(k, k˜) for
S0(k, k˜) behaves like a Dirac delta function due to two spher-
ical Bessel functions in the kernels. Consequently, S0(k, k˜)
is nearly diagonal. In the limit k → ∞, where the sur-
vey depth is comparatively large r¯m ≫ 1/k, the integrals
in Eqs. (24) and (25) can be performed analytically by ig-
noring the time-evolution of the transfer function Tm(k; r¯) to
yield S˜0(k, k′) ≈ δD(k − k′)b2Pm(k), where Pm is the mat-
ter power spectrum averaged over the survey depth. Since
δD(k − k) in S0(k, k) is proportional to r¯m, the monopole
power S0(k, k) with zm = 3 is largest among three, while the
averagedmatter power spectrumwith zm = 3 is lowest among
three. For a reference, the matter power spectrum today is
plotted as a gray curve, illustrating the similarity to S0(k, k)
5FIG. 3. Minimum fractional errors on two cosmological parameters
from idealized supernova surveys alone that measure infinite number
of supernova events without any systematic errors up to the maxi-
mum redshift zm. The correlation of the fluctuations in the luminos-
ity distance and the host galaxies limits our ability to measure the
cosmological parameters precisely in the surveys. Various curves il-
lustrate the dependence of the model parameters associated with the
host galaxies. Gray curves show the change, if we ignore the radial
correlation (solid) or the host galaxy fluctuation (dashed).
at kr¯m ≫ 1. At low k, the power in S0(k, k) is reduced due
to the survey volume.
The lower panel in Figure 2 shows the inverse
monopole power spectra S˜0(k, k), scaled with a wavevec-
tor. Since S0(k, k′) is nearly diagonal, S˜0(k, k′) in Eq. (21)
is nearly diagonal as well. However, the inverse spec-
trum S˜0(k, k′) is defined only for the wave numbers that are
approximately measurable in a given survey, i.e., kr¯m & 1.
For any long wavelength modes (kr¯m ≪ 1), the spherical
power spectrum S0(k, k) has approximately the same value
close to zero, hence the matrix S0 is not invertible, as the
spherical Bessel functions vary little for those wave num-
bers over the survey volume. So S˜0(k, k) is plotted only for
k ≥ 2pi/r¯m. The inverse spherical power is very flat over the
survey scales. Since S˜0(k, k′) is nearly diagonal, the Fisher
matrix in Eq. (19) can be re-arranged as
Fµν ≈ 8
∫
d ln k
[∫
dk′ kS˜0(k, k′)
]
kGµ(k) kGν(k) ,
(27)
illustrating that the cosmological information is proportional
to the Fourier kernel kGµ(k) in Figure 1 and the inverse power
spectrum kS˜0(k, k) in Figure 2. For numerical computation
of Fµν in Eq. (19), we compute the full matrices S0 and S˜0.
Figure 3 illustrates the minimum fractional errors on two
cosmological parameters from idealized supernova surveys.
The minimum errors decrease with zm, as more volume is in-
cluded in the surveys. Compared to our fiducial model (solid),
host galaxies with higher bias (b = 2; dashed) are more corre-
lated, reducing our leverage to constrain the cosmological pa-
rameters, and the increase in the minimum errors are about the
ratio of the (constant) bias factors. The redshift-space distor-
tion (RSD) also increases the correlation of the host galaxies,
though its impact is minor, as the logarithmic growth rate f is
small and two terms in Eq. (26) are partially cancelled. The
host galaxies whose number density increases in time (α = 2;
dotted) effectively put more weight on the lower redshift pop-
ulations and increase δN totg (z), reducing the fluctuation in the
observed data set in Eq. (17). But its impact is small and visi-
ble only when the redshift depth is large.
Gray curves illustrate the change in the forecast, if the ra-
dial correlation (solid) or the host galaxy correlation (dashed)
is ignored. In the former, the survey volume is split into multi-
ple redshift bins with width∆z = 0.05, and the Fisher matrix
in Eq. (14) for each redshift bin are added, as if each redshift
bin is independent. This procedure of ignoring the radial cor-
relation significantly underestimates the cosmic variance and
hence the minimum errors. In fact, the results depend on the
bin width ∆z or the number of “independent” redshift bins.
When the host galaxy fluctuation is ignored δg ≡ 0 (dashed
gray), the observed data set Eq. (5) is simplified as δD = δD,
and the Fourier kernel for the monopole power spectrum is
MV
0
(k, k˜) =
√
2
pi
k
∫
dr¯ r¯2j0(kr¯)
j′
0
(k˜r¯)
k˜r¯
(Hr¯−1)fTm(k˜; r¯) ,
(28)
where we used Eq. (12) and there is no contribution of κ or V0
to the monopole power. While the radial correlation is prop-
erly considered, the dominant source (or δg) of the correlation
is missing, and this assumption still underestimates the mini-
mum errors.
Two symbols in Figure 3 show the current errors from the
Pantheon sample [7] with zm ≃ 2.3 and the SupernovaLegacy
Survey (SNLS; [5]) with zm ≃ 1.0. The errors from both sur-
veys are derived by combining the parameter constraints from
Planck analysis. The intrinsic scatter associated with individ-
ual supernovae is a dominant contribution to their error bud-
get, which we set zero in idealized surveys considered here.
Moreover, while the correlation of the peculiar velocities is
approximately accounted for in the analysis [5, 7], the corre-
lation of the host galaxies is ignored. While the fundamental
limit set by the cosmic variance is yet to be reached in these
surveys at high redshift, its impact is more significant at lower
redshift.
Discussion.— Accounting for the correct correlation of the
luminosity distance measurements, we derived the precise
minimum errors on two cosmological parameters from ide-
alized supernova surveys, where an infinite number of su-
pernova observations are made without any systematic er-
rors. The minimum floors exist because the light propagation
from individual supernovae is affected by large-scale inhomo-
geneities and the host galaxies are also correlated. Though
we assumed perfect knowledge of ∆2ϕ, Tm, b, α, and f for
the computation, their uncertainties in practice would also de-
grade the cosmological constraining power. In particular, the
6bias factor for the supernova host galaxies is expected to be
different from that of typical galaxies. While the real surveys
are yet to reach the limits considered here, there are several
ways to extract more information and overcome the limits in
Figure 3. The spatial correlation ξij of individual observations
contains cosmological information that can be harnessed, but
was ignored in Figure 3. Cross correlation with other galaxy
populations in the same volume provides a way to beat the
cosmic variance and reduce the errors [36].
We thank Ermis Mitsou for useful discussions. We ac-
knowledge support by the Swiss National Science Foundation.
J.Y. is further supported by a Consolidator Grant of the Euro-
pean Research Council (ERC-2015-CoG grant 680886).
∗ jyoo@physik.uzh.ch
[1] A. G. Riess et al., Astron. J. 116, 1009 (1998), arXiv:astro-
ph/9805201.
[2] S. Perlmutter et al., Astrophys. J. 517, 565 (1999), arXiv:astro-
ph/9812133.
[3] R. Kessler, A. C. Becker, D. Cinabro, J. Vand erplas, J. A.
Frieman, J. Marriner, et al., Astrophys. J. Suppl. Ser. 185, 32
(2009), 0908.4274.
[4] M. Sullivan, J. Guy, A. Conley, N. Regnault, P. Astier, et al.,
Astrophys. J. 737, 102 (2011), 1104.1444.
[5] M. Betoule, R. Kessler, J. Guy, J. Mosher, D. Hardin, et al.,
Astron. Astrophys. 568, A22 (2014), 1401.4064.
[6] G. Narayan, A. Rest, B. E. Tucker, R. J. Foley, W. M.
Wood-Vasey, et al., Astrophys. J. Suppl. Ser. 224, 3 (2016),
1603.03823.
[7] D. M. Scolnic, D. O. Jones, A. Rest, Y. C. Pan, R. Chornock,
et al., Astrophys. J. 859, 101 (2018), 1710.00845.
[8] M. Sasaki, Mon. Not. R. Astron. Soc. 228, 653 (1987).
[9] C. Bonvin, R. Durrer, and M. A. Gasparini, Phys. Rev. D 73,
023523 (2006), arXiv:0511183.
[10] L. Hui and P. B. Greene, Phys. Rev. D 73, 123526 (2006), astro-
ph/0512159.
[11] C. Clarkson, G. F. R. Ellis, A. Faltenbacher, R. Maartens,
O. Umeh, and J.-P. Uzan, Mon. Not. R. Astron. Soc. 426, 1121
(2012), 1109.2484.
[12] N. Kaiser and M. J. Hudson, Mon. Not. R. Astron. Soc. 450,
883 (2015), 1411.6339.
[13] J. Yoo and F. Scaccabarozzi, J. Cosmol. Astropart. Phys. 9, 046
(2016), 1606.08453.
[14] P. Fleury, C. Clarkson, and R. Maartens, J. Cosmol. Astropart.
Phys. 2017, 062 (2017), 1612.03726.
[15] S. G. Biern and J. Yoo, J. Cosmol. Astropart. Phys. 4, 045
(2017), 1606.01910.
[16] F. Scaccabarozzi and J. Yoo, J. Cosmol. Astropart. Phys. 6, 007
(2017), 1703.08552.
[17] C. Bonvin, R. Durrer, and M. Kunz, Phys. Rev. Lett. 96, 191302
(2006), astro-ph/0603240.
[18] I. Ben-Dayan, M. Gasperini, G. Marozzi, F. Nugier, and
G. Veneziano, J. Cosmol. Astropart. Phys. 4, 036 (2012),
1202.1247.
[19] I. Ben-Dayan, M. Gasperini, G. Marozzi, F. Nugier, and
G. Veneziano, Phys. Rev. Lett. 110, 021301 (2013), 1207.1286.
[20] I. Ben-Dayan, R. Durrer, G. Marozzi, and D. J. Schwarz, Phys.
Rev. Lett. 112, 221301 (2014), 1401.7973.
[21] J. Yoo, E. Mitsou, N. Grimm, R. Durrer, and A. Refregier, in
press, arXiv e-prints (2019), 1905.08262.
[22] J. Yoo, A. L. Fitzpatrick, and M. Zaldarriaga, Phys. Rev. D 80,
083514 (2009), arXiv:0907.0707.
[23] J. Yoo, Phys. Rev. D 82, 083508 (2010), arXiv:1009.3021.
[24] C. Bonvin and R. Durrer, Phys. Rev. D 84, 063505 (2011),
arXiv:1105.5280.
[25] A. Challinor and A. Lewis, Phys. Rev. D 84, 043516 (2011),
arXiv:1105.5292.
[26] D. Jeong, F. Schmidt, and C. M. Hirata, Phys. Rev. D 85,
023504 (2012), arXiv:1107.5427.
[27] J. Yoo, Class. Quant. Grav. 31, 234001 (2014),
arXiv:1409.3223.
[28] J. Yoo, Phys. Rev. D 79, 023517 (2009), arXiv:0808.3138.
[29] F. Scaccabarozzi, J. Yoo, and S. G. Biern, J. Cosmol. Astropart.
Phys. 10, 024 (2018), 1807.09796.
[30] E. Barausse, S. Matarrese, and A. Riotto, Phys. Rev. D 71,
063537 (2005), astro-ph/0501152.
[31] E. W. Kolb, S. Matarrese, A. Notari, and A. Riotto, Phys. Rev.
D 71, 023524 (2005), hep-ph/0409038.
[32] S. G. Biern and J. Yoo, J. Cosmol. Astropart. Phys. 026 (2017),
1704.07380.
[33] N. Kaiser, Mon. Not. R. Astron. Soc. 227, 1 (1987).
[34] J. Yoo and V. Desjacques, Phys. Rev. D 88, 023502 (2013),
1301.4501.
[35] Planck Collaboration et al., arXiv e-prints (2018), 1807.06205.
[36] U. Seljak, Phys. Rev. Lett. 102, 021302 (2009), 0807.1770.
